Understanding the reconnection of magnetic fields in flux tubes is of key importance for modeling solar activity and space weather. We are therefore studying this process via three-dimensional MHD simulations. We report here on a simulation of the collision of a pair of perpendicular, untwisted magnetic flux tubes. We find that the collision proceeds in four stages. First, on contact, the tubes flatten out into wide sheets. Second, they begin to reconnect and the tearing mode instability is excited in the reconnection region. Third, the nonlinear evolution of the tearing mode creates a pair of reconnected flux tubes. Finally, these flux tubes reconnect with each other to coalesce into a single flux tube. We then report on a pair of simulations exploring how this behavior changes when the speed of flux tube collision is increased and when the magnetic resistivity is increased.
INTRODUCTION
The study of magnetic reconnection in fully threedimensional configurations is becoming ever more important to the understanding of solar activity and space weather (e.g., Priest & Forbes 2000) . Reconnection probably plays an important role as an energy source for coronal heating (e.g., Parker 1972; Rosner, Tucker, & Vaiana 1978) , as a mechanism for solar flares (e.g., Gold & Hoyle 1960; Shibata et al. 1995) and the initiation of coronal mass ejections (e.g., Gosling 1975; Mikić & Linker 1994; Antiochos, DeVore, & Klimchuk 1999) , in the interaction of the interplanetary magnetic field with the magnetosphere (e.g., Dungey 1961; Aubrey, Russell, & Kivelson 1970) , and in the generation of magnetic substorms (e.g., Hones 1973) . Much has been learned about how reconnection works from two-dimensional studies, both without (two-dimensional) and with (2.5-dimensional) a magnetic field component in the ignorable direction. These studies generally focus on the small-scale dynamics in the immediate neighborhood of a reconnection region, which, at such small scales, is expected to be two-dimensional. However, the manner in which these local reconnection regions connect to the larger scale, global, three-dimensional magnetic field is key to understanding the full interaction. Thus, in conjunction with a careful study of the local dynamics of reconnection, it is also vital to study global scale, fully three-dimensional reconnection.
From two-dimensional MHD studies we have learned how current sheets between oppositely directed magnetic fields can form X-points at which reconnection occurs (Sweet 1958; Parker 1957; Petschek 1964) . The same process occurs in sheared fields that are not perfectly antialigned. This case can in its simplest form be studied as 2.5-dimensional MHD, with a '' guide '' field running in the ignorable direction, perpendicular to the two-dimensional plane. The remaining field, lying in the plane, is then oppositely directed as in two dimensions and the reconnection proceeds in the same way, with the guide field playing only a passive role (Sonnerup 1974) . On a larger scale, one can have several X-points generated at the interface between the two fields, excited by the '' tearing '' mode instability (Furth, Killeen, & Rosenbluth 1963) . In this case the reconnection creates islands of magnetic field. This increases the rate of energy release over that of reconnection with only a single X-point. Such islands could then be subject to further energy release if they merge together via the coalescence instability (Finn & Kaw 1977) . A three-dimensional view of such two-and 2.5-dimensional configurations would show the X-point as an X-line extending to infinity in the ignorable direction, and the two-dimensional magnetic islands would appear as twisted flux tubes. The guide field, perpendicular to the two-dimensional plane, would become the tubes' axial field, while the reconnecting field, lying in the two-dimensional plane, would become their twist field. Important questions are as follows: How does reconnection change when the symmetry in this third direction is broken and the configuration becomes fully three-dimensional? How does what we know about two-dimensional reconnection, with current sheets of infinite extent, apply to global three-dimensional configurations, where the current sheet and therefore the reconnection region are finite in extent? This is what is now being explored via analytical theory and numerical simulations.
Three-dimensional reconnection has generally been explored from two directions. One approach focuses on the topology of and dynamics of null points and separators, in studies such as Lau & Finn (1990) , Priest & Titov (1996) , Démoulin et al. (1996) , Galsgaard & Nordlund (1997) , and Longcope (1996) . The second approach, which we adopt here, focuses on the interaction of isolated magnetic flux tubes. For example, Ozaki & Sato (1997) studied the reconnection of parallel, arched coronal loops as they were twisted by footpoint motions. Yamada et al. (1990) studied the merging of three-dimensional twisted flux tubes with parallel axes with a laboratory experiment, while Lau & Finn (1996) and Kondrashov et al. (1999) studied the equivalent flux tube merging interaction numerically. Expanding beyond these studies of reconnection for parallel or antiparallel flux tubes, Dahlburg, Antiochos, & Norton (1997) and Linton, Dahlburg, & Antiochos (2001) studied reconnection due to the collision of pairs of isolated, highly twisted flux tubes with their axes at various angles. They found four reconnection classes for these flux tubes, depending on their relative orientations and twists: (1) the bounce, where no reconnection occurs; (2) the merge, the three-dimensional analog of the coalescence instability; (3) the slingshot, in some sense the three-dimensional analog of classical twodimensional X-point reconnection; and (4) the tunnel, which has no analog in two dimensions as it is only topologically possible in three dimensions. These showed the wide variety of reconnection interactions one could achieve from a limited range of simple three-dimensional twisted reconnection configurations. We plan to explore these twisted reconnections in a wider range of geometries in future papers, but at this point we have chosen to focus on the opposite extreme: how do purely untwisted flux tubes interact in three-dimensional collisions?
In x 2 we describe the model we have set up to study threedimensional untwisted flux tube reconnection, discussing both the geometry chosen and the numerical code used to simulate the interaction. In x 3 we present the results of our primary simulation, discussing the evolution of the magnetic field, field lines, and current. In x 4 we present two additional simulations for comparison, exploring the dependence of the interaction on both collision speed and magnetic resistivity. Finally, in x 5 we summarize our results.
DESCRIPTION OF THE MODEL
Our goal is to study the collision and reconnection of pairs of cylindrical, untwisted, isolated magnetic flux tubes in a fully three-dimensional geometry. The threedimensional geometry we simulate has two isolated flux tubes initially at 90 to each other. To initiate reconnection, the tubes are pushed into each other by a stagnation point flow imposed on the simulation at t ¼ 0 and allowed to evolve dynamically thereafter. The resulting interaction is simulated with the CRUNCH3D code (see Dahlburg & Norton 1995) . This is a viscoresistive, compressible MHD code. It is triply periodic and employs a second-order Runge-Kutta temporal discretization and a Fourier collocation spatial discretization at a resolution of 128 3 modes. The governing equations for this compressible MHD system are (as adapted from Dahlburg et al. 1997 )
Here vðx; tÞ is the flow velocity, pðx; tÞ is the plasma pressure, Tðx; tÞ is the temperature, Uðx; tÞ is the internal energy density, J c D µ B=ð4Þ is the current, i;j ðx; tÞ is the viscous stress tensor, R is the ideal gas constant, ¼ 5=3 is the adiabatic ratio, and c is the speed of light. Uniform thermal conductivity (), magnetic resistivity (), and kinematic viscosity () are assumed, with a viscous Lundquist number S v A R=ðÞ of 560 and a resistive Lundquist number S v A R=ðÞ of either 560 or 5600. Time is measured in units of tube Alfvén crossing times R=ðv A Þ, where R/ is the typical length scale for the initial cross-sectional profile of the tubes (see below).
The two untwisted tubes collide with their axes at an angle of 90 relative to each other, as shown in Figure 1a . With the simulation box extending from ÀL/2 to L/2 in each direction, one tube is parallel to the Àẑ z-axis at x ¼ ÀL=8, and a second tube is parallel to theŷ y-axis at x ¼ L=8. The tubes have radii R ¼ 3L=32 and are therefore initially separated in x by a distance L=16 ¼ 2R=3. The initial field of each tube is given, in cylindrical coordinates, by
for r < R and by B axial ¼ 0 for r > R. We choose this profile to minimize as much as possible the diffusion of magnetic energy not associated with reconnection. This field profile is generated by an electric current that goes smoothly to zero at r ¼ R. Thus, there is not a large current sheet at the tube boundary, and the ohmic diffusion is reduced relative to configurations with sharper drops in the magnetic field at the tube boundary. These isolated tubes are not force-free but rather are held in force balance by plasma pressure gradients. The plasma pressure p is initialized such that the sum of magnetic and plasma pressure is uniform everywhere:
where p e is the uniform plasma pressure external to the tubes. The pressure is set to p e ¼ 20=3 in units where the magnetic field is B 0 = ffiffiffiffiffi ffi 8 p ¼ 1. Thus, the magnetic field strength and pressure on-axis are, respectively, Bð0Þ j j ffiffiffiffiffi ffi 8 p ¼ 2 and pð0Þ ¼ 8=3, giving 8pð0Þ= Bð0Þ j j 2 of 2 3 . In contrast to our earlier simulations (see, e.g., Linton et al. 2001) , in this simulation we initially set the density to be proportional to the pressure, giving an initially isothermal environment. In earlier work we assumed uniform density, meaning that the tubes were cooler than the surrounding medium. Upon careful investigation of this configuration, we found that as the tubes heat up as a result of the diffusion of temperature, they expand significantly. This effectively diffuses the tubes' magnetic field independent of resistive effects. In the interest of minimizing diffusive effects unrelated to reconnection, we therefore simulate flux tube configurations in an initially isothermal state. Tests of these tubes with no other tubes present and with no initial flow showed that they lose significantly less energy with this isothermal initialization than with a uniform density initialization.
To force the tubes together, we initialize the simulation with a stagnation point flow of the form v v 0 ¼ Àx x sin axðcos ay þ cos azÞ þ cos axŷ y sin ay þẑ z sin az ð Þ ;
where a 2=L. The peak amplitude of the initial flow is either 2v 0 ¼ v A =30 or 2v 0 ¼ 4v A =30, where v A is the initial peak Alfvén speed (i.e., the speed at the tube axis). This flow is not held fixed during the simulation but rather evolves subject to the momentum equation (eq. [2] ). We will discuss three simulations here, exploring the effects of velocity and resistivity on the reconnection. The main focus of the paper will be on simulation A, at low velocity (v A =30) and high resistive Lundquist number (5600). This will be compared to simulation B, at high velocity (4v A =30) and high Lundquist number (5600), and simulation C, at high velocity (4v A =30) and low Lundquist number (560).
Our goals are to explore how reconnection proceeds in such three-dimensional untwisted flux tube collisions and to find out where current sheets form, how strong they become, and what form they take as they evolve. We aim to discover how fast reconnection proceeds, how efficient it is, and how it changes the global magnetic configuration and topology.
RESULTS: SIMULATION A

General Behavior of Magnetic Field and Velocity
First we focus on simulation A, for which the resistive Lundquist number is 5600 and the two tubes are pushed together by a flow with peak magnitude 1/30th of the initial peak Alfvén speed. Figure 1 shows a time series of isosurfaces of B j j ¼ B j j max =3 for this simulation. The field in the horizontal (ŷ y) flux tube in Figure 1a runs from left to right, while the field in the vertical (ẑ z) flux tube runs from top to bottom. The diagonal line in this panel represents the diagonal plane (y ¼ z) along which the three components of magnetic field are displayed in Figure 2 . Choosing this particular plane allows us to split the field into two distinct components. First is the guide field, which is the field component perpendicular to this plane, shown as the gray scale in Figure 2 . This component, which shows the two tubes as a pair of black ovals in Figure 2a , has the same sign in both tubes and is therefore not expected to reconnect when the tubes collide. Were this only a 2.5-dimensional simulation, this guide field would participate passively in the reconnection, simply being carried along by the reconnecting field (Sonnerup 1974 ). The remaining field, which lies in the plane, is shown by the white vectors in Figure 2 . This inplane field is clearly oppositely directed in the two tubes and will therefore be the driver of reconnection. Viewing the field at this plane therefore allows us to focus on this reconnecting component of the field.
While the tubes are initially separated by a small distance, $2R/3, the stagnation point flow quickly pushes them together at the center of the simulation box. Figure 3 shows this velocity field in the diagonal plane: a comparison of the initial flow in Figure 3a and the initial field in Figure 2a shows that the tubes will be driven by the flow to collide with each other. Both Figures 1 and 2 show how this flow flattens the tubes significantly long before they start to reconnect. This is due to the lack of twist in the tubes and to the ratio of the stagnation point flow scale to the tube width. As there is no '' hoop force '' to keep their cross sections cylindrical, it is easy for the stagnation point flow to flatten the tubes. Thus, the initial configuration with two flux tubes quickly becomes more like two flux sheets colliding with each other. This creates an extended, but finite, region over which the two fields are in contact. There is now a large region over which reconnection can occur, rather than the single point or the small region one might have expected from a flux tube collision where the tubes retained their circular cross sections. Figure 1 shows how, once these tubes flatten and come into contact over an extended region, reconnection sets in at several different locations at nearly the same time. One begins to see this as a set of ripples in the flattened isosurface in Figure 1c at 1320 Alfvén times. Soon after, in Figure 1d at 1470 Alfvén times, these ripples have grown enough to rip through the isosurface so that the reconnection appears as holes in the isosurface. Figure 2 shows that these holes in the isosurface are actually the three-dimensional equivalent of the two-dimensional tearing mode instability, thus supporting the impulsive bursty model (Priest 1986) , wherein the tearing instability is excited when a current sheet becomes too long. By Figure 2b , at the same time as Figure  1b , a thin sheet of field has been created, and by Figure 2c this sheet has succumbed to the tearing mode, with three separate pinches in the sheet creating X-points. These three reconnection points, which are finite-length reconnection lines in the full three-dimensional view of Figure 1 , tear the current sheet apart to form two magnetic islands by Figure  2d . Following the evolution in both Figures 1 and 2 , we see that these two islands are actually flux tubes in the threedimensional view. The reconnection does not occur all along the third direction simultaneously but rather starts near the center of the simulation and gradually moves to the edge of the simulation, splitting the field into flux tubes as it goes. Thus, in Figures 1d and 1e we see that the tearing mode does not create straight, isolated flux tubes but rather flux tubes that are only separated from each other over a finite region near the center of the simulation and that arch toward each other near the edges of the simulation, where the reconnection has not evolved as far. In the end, these arched flux tubes of Figure 1 , the islands of Figure 2 , are drawn together and reconnect again to merge into a single tube running diagonally across the simulation box in the direction of the guide field. This coalescence of parallel, like-twisted flux tubes is the three-dimensional analog of the two-dimensional coalescence instability, which occurs for magnetic islands formed by the tearing mode (Finn & Kaw 1977) . Such coalescence is quite similar to that seen in simulations by Lau & Finn (1996) , Kondrashov et al. (1999) , and Linton et al. (2001) , where pairs of parallel, twisted flux tubes were pushed together and were found to reconnect and merge into a single tube. It appears that, in this case, the coalescence is driven by the arched shape of the flux tube pair: magnetic tension forces act to straighten the flux tubes out, and this pushes them into each other. Thus, the coales- cence relies on the three-dimensional nature of the reconnection: if the interaction had been two-dimensional, there would have been no variation along the axis of the tubes; therefore, they would not have been arched and would not have been pulled together by the resulting tension force. This simulation therefore shows the three-dimensional equivalent of both the tearing mode and the coalescence instability.
In addition to the reconfiguration of magnetic fields, the generation of plasma flows is also an important effect of magnetic reconnection. The flows generated in this simulation are shown in the diagonal plane in Figure 3 at the same times as the images in Figures 1 and 2 . In Figure 3c one can see the first velocity signature of reconnection in the jets of plasma being ejected from the three X-points formed by the tearing instability. This flow draws the magnetic field into the two islands in the center and also ejects field and plasma out of the upper and lower ends of the reconnection sheet, at the top and bottom of Figure 3c . The flow drawing fields into the islands disappears by Figure 3d when the islands are fully formed, but strong reconnection flows remain at the top and bottom of the simulation, where fluid continues to be ejected in jets from the reconnection region. The peak flow in the simulation is in these jets in Figure 3d at 1470 Alfvén times and has a magnitude of 0:31v A ðtÞ, where v A ðtÞ is the peak Alfvén speed at this time. We use this timevarying measure of the Alfvén speed because it gives a more accurate sense of how strong a flow one could expect from reconnection at this time. Classical two-dimensional reconnection theory says that the outflows one expects from a reconnection region are a fraction of the Alfvén speed of the magnetic configuration at that time (see, e.g., Sweet 1958; Parker 1957; Sonnerup 1974) . As the field in this simulation is steadily diffusing because of the finite resistivity of the code, its strength gradually decreases with time. As a result, at this time of peak flow the peak Alfvén speed is 1 6 of its original value. If we were to keep the original, t ¼ 0, Alfvén speed normalization, the flow generated here would appear much weaker than it actually is. However, normalizing by this time-varying peak Alfvén speed, we find that this flow is 10 times stronger than the originally imposed flow, indicating that this is more than a simple redirection of the stagnation point flow; rather, it is flow accelerated to nearly Alfvénic speeds by the reconnection. This tearing mode flow is then followed by a slower coalescence flow that draws the two tubes together into one in Figure 3e . Finally, in Figure  3f most flows associated with the reconnection have died down and the dominant flow is again the remnant of the stagnation point flow. Note that the lengths of the vectors are normalized in each panel here by v j j max in that panel, so the fact that the stagnation point flow almost disappears during the height of the reconnection is simply an indication that the reconnection flow is much stronger than the stagnation point flow at that time.
Field Lines: J k
While the isosurfaces give a simple view of how the magnetic field is reconnecting, a more involved but also more revealing way to view the reconnection dynamics is to follow the field line evolution. This is difficult, if not impossible, to do exactly (see Hornig 2001 ), but we can approximately follow the field line evolution in the following manner. We take a set of '' trace elements,'' which are initially placed on a grid at both ends of both tubes where they leave the simulation box. These trace elements are then followed through the simulation as they are convected by the flow. To follow the evolution of field lines, we then plot the field lines that run through these trace elements at successive times during the simulation. This approximates the evolution of field lines themselves to the extent that the field lines do not undergo significant diffusion or reconnection at the point where they connect to the trace elements; i.e., this assumes that the field lines are frozen into the trace elements. This is why the elements are placed as far away from the eventual reconnection regions as possible. Because of the subsequent flow, some elements are convected into the reconnection region, but nevertheless it is reasonable to argue that, for a short enough time, the field lines that we plot from this scheme are actual field lines evolving in time. Figure 4 shows the result, which is also available as an mpeg animation in the electronic version of the paper. Here we plot only the field lines initially in the vertical tube (the tube parallel to theẑ z-axis), so that the reconnection region between the tubes is not hidden by the horizontal flux tube on the front side. These field lines are drawn such that their cross-sectional area at any point is proportional to the field strength at that point. Any part of a field line with a field strength below 1/10th of the global maximum field strength at that time is not drawn: this keeps spurious field lines in very low field strength regions from cluttering the figures. The color of the field lines at any point along their axis corresponds to the parallel electric current J k J x B= B j j at that point, as indicated by the color bar. The normalization J 0 for the color scale is set to the initial peak current magnitude J 0 cB 0 =ð4R 0 Þ. We focus on the parallel component of the electric current because, for the initial magnetic equilibrium, the current is entirely perpendicular to the magnetic field. The initial perpendicular current, which peaks at J 0 , is necessary to balance the confining plasma pressure gradient, but there is no initial parallel component of current, as there is no initial shear in the magnetic field. This parallel component only arises when the two tubes collide and their 90 inclination gives rise to a magnetic shear. It is this shear that leads to magnetic reconnection, and as the parallel electric current measures magnetic shear, the regions of high parallel electric current are the regions where reconnection is likely to occur. In fact, for an isolated patch of magnetic dissipation, the integral of parallel current along a field line threading the patch gives a measure of the reconnection rate:
where È is the reconnected flux, C is the field line with the largest absolute value of the integral, and ds is the arc length along the field line (Schindler, Hesse, & Birn 1988; Hornig & Priest 2003; G. Hornig 2003, private communication) . This is difficult to measure for these simulations, as the resistivity is not localized into patches, but nevertheless this equation shows that J k is an important indicator of reconnection.
In Figure 4a only vertical field lines appear, as we are plotting only field lines initially in the vertical tube and no reconnection to the horizontal tube has yet occurred. These field lines are initially clustered in a cylinder of flux, but by Figure 4b they are flattened into a sheet of flux as the flux tube is spread out by the stagnation point flow. Reconnection is just starting in Figure 4b , as can be seen from the bright red portions of the field lines. The color of these field lines indicates that J k is strong near the center of the simulation, where the tubes first collided, and the curve of these field lines indicates that they have already reconnected to the horizontal flux tube. By Figure 4c , many field lines are connected to the horizontal tube: clearly reconnection is well underway. In this panel we can see field lines in X-like configurations in three different regions along the diagonal running from lower left to upper right (the diagonal plane of Fig. 2 ). These are the same three reconnection regions seen in the isosurfaces and diagonal slices of B in Figures 1 and 2. These regions are each formed by pairs of field lines, one running from the left-hand side of the simulation to the bottom (i.e., from the horizontal tube to the vertical) and the other running from the top of the simulation to the right-hand side (i.e., from the vertical tube to the horizontal tube). Where these field lines come close together as they arch across the simulation domain they form X-shapes, indicating that they initially crossed each other here to form an X, then reconnected at this intersection point, and are now slingshotting away from this point. Those field lines that reconnected earlier are further from forming an X because they slingshot away from each other as soon as they reconnect, while those that have just reconnected are still very close to forming an X.
The first reconnection region in Figure 4c is in the center of the simulation. Reconnection is well advanced here, as this is where the reconnection started to occur in Figure 4b . Thus, by Figure 4c the field lines here have moved well away from the reconnection site and are no longer bright red. In contrast, the other two reconnection sites, above and below this one, are reconnecting strongly at this point. This is indicated by the fact that field lines here are still very close to forming an X and are bright red near the point where they go through these two sites. Figure 4d shows how the slingshot motion of field lines away from these three main reconnection sites forms gaps in the field, the same gaps that appear as holes in the isosurface of Figure 1d . The plasma flows generated by these slingshotting field lines are the same flows evident in Figures 3c and 3d , moving the field into the islands or flux tubes and ejecting it upward and downward in the jets. Figures 4c and 4d also show how the nearly simultaneous reconnection at these three regions causes the reconnected field lines to wrap around each other as they spring away. For example, field lines springing down from the upper reconnection region quickly run into field lines springing up from the center region. Because of the three-dimensional way in which these fields reconnected, i.e., because they do not lie in x ¼ const planes as they did before reconnection, they cannot slip past each other when they collide but rather become hooked on each other and therefore come to a stop, combining to form a twisted flux tube by Figure 4d . The same process occurs for the central and lower reconnecting field to form a second flux tube. The remaining reconnected flux, that springing up from the top region and down from the lower region, is, in contrast, free to straighten out completely as it never runs into other reconnected field lines. Next, in Figures 4e and 4f , the two twisted flux tubes are pulled toward each other by the tension force of their curved axes, collide, and reconnect further in a coalescence instability to form a single twisted flux tube, the same flux tube that appears as a single island of flux in the 2.5-dimensional slice of Figure 2f . Thus, at the end of the simulation, a monolithic flux tube of twisted, reconnected field crosses the simulation along the diagonal, while the un-reconnected remains of the initial vertical and horizontal flux tubes have been swept by the flow to the edge of the simulation.
As shown by Wright & Berger (1989) and discussed by Linton & Antiochos (2002) , the reconnection of untwisted flux tubes in a configuration with a negative (left-handed) crossing number, as is the case in this simulation, will result in field lines with a net left-handed twist. This generates one half-turn of left-handed twist on a field line for each lefthanded reconnection event it undergoes. However, the field lines in the two reconnected bundles in Figures 4c-4e wind around each other with about one turn apiece. This extra half-turn is due to the linking of the reconnected field lines, i.e., the linking that prevents them from sliding past each other. In Figure 4f , where the two tubes have reconnected again to merge into a single flux tube, the twist of the field lines is reduced to a half-turn, as the merging reconnection is right-handed and adds a half-turn of right-handed twist. This reduction in twist due to the merging reconnection is the same as that seen by Lau & Finn (1996) , Kondrashov et al. (1999) , and Linton et al. (2001) Figure 2b of Wright & Berger (1989) . Thus, while the actual dynamics, where the field reconnects at three locations along the other diagonal and then merges into a single tube, is more complex, it achieves the same result. Figure 5 shows in more detail the locations of the J k concentrations, where reconnection should occur, seen in Figures 4b and 4c. This figure shows two different slices through the simulation domain: the upper pair of panels show diagonal slices as in Figure 2 , while the lower pair of panels show slices along the x ¼ 0 plane, where the two tubes collide. Figure 5a , corresponding to Figure 4b at 1000 Alfvén times, shows that in the diagonal plane J k is tightly concentrated into a sheetlike region between the colliding tubes. Figure 5c shows that, at this time, the J k sheet is well extended perpendicular to the diagonal plane, indicating
RECONNECTION OF UNTWISTED MAGNETIC FLUX TUBESthat reconnection is occurring over a large area between the colliding flux regions. Note that this is a sheet of negative J k , indicating that the reconnection should add negative, or left-handed, twist to the fields, as indeed is seen in Figure 4 . From the time series plot of the peak of J k in Figure 6b one can see that the time shown here in Figures 5a and 5c is about when the first peak in J k occurs. This peak in parallel current is À1.9J 0 , where J 0 is the initial peak perpendicular current, and occurs at the midpoint of the contact region between the two tubes, at the central reconnection region that forms where the tubes first collide. This peak concentration region is only resolved over 1 pixel, or L/128, meaning that the pixel at the peak current is flanked on either side in the AEx-direction by a pixel at effectively zero parallel current. This current concentration is therefore obviously limited by the finite grid size of the simulation. If our main purpose were to study how thin the sheet can become or how large J k can become, we would have to use a finer scale grid or an adaptively refined grid to resolve this concentration more effectively. As can be seen from Figure 6b , a second, slightly higher peak in J k occurs at 1320 Alfvén times, where it reaches 2.1J 0 . This time, corresponding to the field line plot in Figure 4d , is shown in Figures 5b and 5d . Both panels show strong evidence of the tearing mode, as the sheet is now split into three thin regions. In fact, the peak in J k is now on either side of the original peak, showing that the strongest reconnection is now at the two outer reconnection regions, with some weaker reconnection still occurring at the central region. Again, these J k concentrations are only resolved over 1 pixel in the x-direction. Thus, the central current concentration appears and is most effective at reconnecting the field about 300 Alfvén crossing times before the upper and lower concentrations become dominant. This pairing of the two different slices through the three-dimensional simulation highlights the similarities and differences between this simulation and 2.5-dimensional tearing mode simulations. The top, diagonal slice panels show what looks like the simple two-dimensional formation of a current sheet and then the tearing mode, but the bottom, x ¼ 0 slices show that both the current sheet and the tearing mode are not two-dimensional but rather are finite in extent in the third direction.
While we know, because it is only resolved over 1 pixel, that the width of the current sheet is limited by the grid scale of the simulation, it is nevertheless interesting to compare the dimensions of the tearing mode with that predicted by theory. The theoretical prediction of the wavelength of the tearing mode is
where l is the current sheet half-width and is the wavelength of the instability (see, e.g., Furth et al. 1963 ; or see the review by Priest & Forbes 2000) . In this case, we use l ¼ 1 pixel, as that is the distance over which the current goes from zero to its maximum. This gives 2 pixels < < 12 pixels :
The wavelength of the tearing mode excited here is about 24 pixels long and therefore lies well within the predicted range. The timescale of the tearing mode, however, is much longer than is predicted by the theory, as shown in the next section.
As mentioned above and as is apparent from both Figures 4f and 1f , not all of the magnetic field reconnects to form the diagonally oriented twisted flux tube, but rather some field remains unreconnected and is simply swept to the sides of the simulation by the stagnation point flow. Thus, an important question is, how efficient is this type of flux tube collision at reconnecting field? What proportion of the flux does reconnect? A careful study of the field line traces used to generate Figure 4 can give us an estimate of the reconnection efficiency. To measure this, we separate the field lines into two distinct classes: those that are nearly vertical or horizontal and have therefore presumably not reconnected, and those that are nearly diagonal and have therefore reconnected. We measure the angle h each field line makes as it traverses the simulation domain, weight each field line by its field strength as it crosses the y ¼ z plane to obtain a measure of the flux represented by that field line, and plot the result as a histogram in Figure 7 . The dotted lines show the initial state: all the vertical flux is at an angle of ¼ À=2, while all the horizontal flux is at an angle of ¼ 0. The solid and dashed lines show the final state, with the solid lines representing the initially vertical ( ¼ À=2) flux and the dashed lines representing the initially horizontal ( ¼ 0) flux. While the flux for this end state is distributed over a range of angles, it is mainly clustered around the un-reconnected state at ¼ 0 or À/2 and the reconnected state at ¼ À=4. A reasonable measure of the amount of reconnected flux is therefore the sum of the flux that lies at an angle between À3/8 and À/8. This flux amounts to 36% of the total flux. The remaining flux, about 2 3 of the total, was swept away from the reconnection region before it could reconnect or was inhibited from reconnecting by previously reconnected field lines that clogged up the reconnection regions. Figure 6 shows how the global energetics of this reconnection evolves. For comparison, we have simulated two reference states: one with only a single tube and no flow to calibrate the effects of resistive dissipation on a flux tube, and one with a single tube immersed in the stagnation point flow to calibrate the effect of the flow on a flux tube. Figure  6a shows the globally integrated magnetic energy for these two reference states and for simulation A. The dotted curve shows the reference state without flow: this shows how the flux tube energy decays with time purely as a result of resistive dissipation. At this resistive Lundquist number of 5600 slightly more than a third of the flux tube magnetic energy is dissipated during the 3000 Alfvén times it takes to run simulation A. The dashed curve shows the second reference state, a single tube in the stagnation point flow. This tube diffuses about 4 times as fast as the tube without the flow: a third of its energy is diffused in about 700 Alfvén times. This relatively rapid diffusion occurs because the flow quickly flattens the tube along its entire length and thus its diffusion length scale d rapidly decreases. The diffusion timescale /d 2 predicts that, for the flattened tube to diffuse at 4 times the rate of the undistorted tube, its length scale would have to be on average half that of the undistorted tube. This agrees well with the fact that during the simulation the length scale d across the tube in the x-direction decreases by about a factor of 3. The magnetic energy of simulation A, given by the solid line, is not much different than that of the reference tube in the stagnation point flow. Thus, while the stagnation point flow works well as a means to drive the tubes together, it is not a useful flow for studying the magnetic energy release due to untwisted flux tube reconnection. If the tubes were twisted, as in our previous simulations in Linton et al. (2001) , they would retain their shapes in spite of the flow, as a result of the tension force of their twist, and therefore would not lose significant energy as a result of the flow. However, as the untwisted tubes have no crosssectional coherence, they are easily flattened by the flow and thus diffuse much more quickly than they would otherwise. For future simulations we will try to find flow profiles that do not flatten the tubes nearly as much and that preferably only flatten the tubes at the point of contact rather than along their whole length.
Global Time Behavior
The evolution of the kinetic energy of simulation A relative to the reference simulation with flow is revealing. (Note that we do not plot the kinetic energy of the simulation without flow, as that kinetic energy is essentially zero for the whole simulation.) Figure 6b shows the kinetic energy of simulation A as the solid line. This kinetic energy evolves as a result of both the decay of the stagnation point flow and the excitement of new flows by the reconnection. This is compared to the reference kinetic energy given by the dashed line: here the energy of the stagnation point flow simply decays with time as a result of viscous dissipation. The ratio of the two, given by the triple-dot-dashed line, highlights the difference between the two evolutions, a difference due to the reconnection occurring in simulation A. This shows a peak in relative kinetic energy due to reconnection at 1470 Alfvén times, followed by a steady decay of the reconnection flow. This peak in the kinetic energy occurs at the time of the snapshots shown in Figures 1-4d , where the peak local flow speed occurs in jets being ejected from the reconnection regions. The relative kinetic energy grows approximately exponentially during the tearing mode evolution, from 1000 to 1470 Alfvén times, so we can calculate its growth rate. Fitting an exponential to the relative kinetic energy from 1000 to 1250 Alfvén times, we find a growth rate of !R=ðv A Þ ¼ 0:00034. The theoretical growth rate of the tearing mode is predicted to be (Furth et al. 1963; Priest & Forbes 2000) . This is 2.5 orders of magnitude faster than the growth rate we find for the simulation. Thus, while the wavelength of the tearing mode fits the theory well, the growth rate of the tearing mode does not. One aspect of the simulation that could lead to this difference is that the wavelength of the tearing mode is well resolved, at 24 pixels, while its width is unresolved, at 1 pixel. Thus, the dynamics perpendicular to the current sheet, which will likely determine the timescale, is not accurately simulated, while the dynamics along the current sheet, which is important in determining the wavelength, is accurately simulated. A second aspect of the simulation that differs from theory is that the magnetic field feeding into the tearing mode is not semi-infinite in extent but rather drops to zero a very short distance away from the current sheet in thex x-direction (see Fig. 2b ). Furthermore, this field is quickly annihilated as it reconnects, and so soon after the tearing mode starts, there is no longer any field to support it (see Fig. 2c ). Thus, it is no surprise that, with only a very limited amount of field to drive the tearing mode, the growth is much slower than in cases in which the field is unlimited. A code with an adaptive grid that could resolve both the tearing at small scales and the global flux tube dynamics at large scales would allow us to discover which of these two factors leads to the very slow tearing mode growth rate or whether it is due to a combination of both factors. It is interesting to compare the time of this peak in globally integrated kinetic energy with peaks in the electric current signatures. The first to peak is the globally integrated current squared, shown as the dot-dashed line in Figure 6a . This peaks at about 650 Alfvén times, primarily as a result of the large-scale current concentration generated between the colliding flux sheets. Next to peak is the local maximum in parallel electric current, shown as the triple-dot-dashed line in Figure 6b . This peaks for the first time at about 950 Alfvén times and for the second time at about 1320 Alfvén times. As discussed above, these peaks are due to the development of the tearing mode instability in the current sheets generated by the flux collision. The tearing mode pinches and intensifies the parallel current, and these two peaks correspond to the pinches shown in Figures 5a and  5b , respectively. Finally, the peak in kinetic energy, due to the final stages of the tearing mode reconnection, occurs at 1470 Alfvén times as the jets eject field and plasma from the reconnection sheet.
COMPARISON SIMULATIONS
B: High Velocity
The second simulation we discuss is identical to the first but with a stronger initial stagnation point flow: in this simulation the flow is 4 times as fast as in the first simulation, with v 0 ¼ 4v A =30. The field line traces in Figure 8 , also included as an mpeg animation in the electronic version of the paper, show that this flow dominates the field line behavior much more than the slow flow of simulation A. This gives a significantly more turbulent look to the field lines at the height of the reconnection in Figures 8c and 8d and then sweeps all field away from the center of the simulation in Figures 8e and 8f . The plot of magnetic field on the diagonal cut through the simulation in Figure 9 shows that multiple reconnection regions are created as in the lowvelocity simulation and that these still appear as threedimensional versions of the tearing mode. This creates a pair of flux tubes as before, as can also be seen in Figure 8e . The two flux tubes are curved so that their tension force tries to pull them together at the center of the simulation, and we expect that in the absence of the remnant stagnation point flow they would coalesce into a single twisted flux tube just as in simulation A. However, this flow is so strong that it sweeps all field, including these reconnected flux tubes, to the edges of the simulation, and so the flux tubes formed by the tearing mode never coalesce.
Before the field is simply swept away by the flow, there are some interesting similarities and differences in the reconnection dynamics between this simulation and simulation A. First, even with the driving flow 4 times as strong as in simulation A, the maximum flow speed in simulation B is 0:38v A ðtÞ, only slightly higher than the maximum speed of 0:31v A ðtÞ in simulation A. This is only a rough measure of the relative speeds of these two reconnection flows, as v A ðtÞ, which measures the maximum Alfvén speed at any time, changes during the simulations. It nevertheless does suggest that the flow generated by reconnection depends only weakly on the flow driving the tubes together. Second, the field line traces in Figure 8 suggest that there are more reconnection sites than in the low-velocity case, as field lines form X-configurations at many different locations, particularly in Figures 8c and 8d . It appears that the more violent collision creates more contact points and therefore more reconnection sites. The result of these many reconnection sites is that the field appears more tangled during the later stages of reconnection than in the low-flow case of simulation A.
The plots of J k on cuts through the simulation in Figure 10 show how the current peaks compare to those of simulation A, and in particular they show a more quantitative view of the multiple reconnection regions generated by the fast flow. The diagonal cut in Figure 10a at 230 Alfvén times shows that the peak in the parallel current for this simulation is in the x ¼ 0 plane where the two tubes collide, as in simulation A. This sheet is again only resolved over 1 pixel at its strongest point and is therefore limited by the grid scale. The x ¼ 0 plane of Figure 10c shows that this current concentration is extended in the y-and z-directions, again as in simulation A. However, in contrast to Figure 5c , which shows that only a single extended region of concentrated current is generated in simulation A, Figure 10c shows that in addition to the extended region there are a large number of smaller parallel current concentrations in the x ¼ 0 plane. This gives strong evidence that reconnection is simultaneously occurring at a large number of locations here, as was suggested by the field lines in Figure 8 . This supports the patchy reconnection mechanism (Klimchuk 1996) , wherein multiple reconnection regions are simultaneously generated in reconnection sheets, leading to significant tangling of fields. Figures 10b and 10d show that by 260 Alfvén times, the large reconnection region at the center of the simulation has been split into three regions by the tearing mode instability, again just as in simulation A, but the large number of additional, small reconnection regions still exists. Thus, we see that the tearing mode is important even at these high velocities. The tearing mode is easier to identify in the parallel current plots than in the magnetic field plots of Figure 9 because the large central current concentration splits into three current regions early in the evolution of the tearing mode, as the magnetic islands start to form. The magnetic field, however, does not split into identifiable islands until much later in the evolution of the tearing mode, and by that time, the field is already being swept away by the strong stagnation point flow.
As this simulation is identical to simulation A, but with a driving flow 4 times as fast, the interesting question to ask is, how does the faster flow affect the reconnection characteristics? To aid in this comparison, we summarize a number of reconnection measures, which we discuss below, in Table 1 . Certainly the time to the start of reconnection is faster in simulation B, simply because the tubes collide faster in the stagnation point flow. This table shows that the time to peak globally integrated current, J 2 , is 3 times as long for simulation A as for simulation B: the peak occurs at 600 Alfvén times for simulation A but only 200 Alfvén times for simulation B. Similarly, the time to peak local parallel electric current, J k , is about 4 times as long in simulation A as in simulation B, and the time to peak relative kinetic energy, KE , is about 3.5 times as long in simulation A as in simulation B. Thus, all three characteristic times appear to scale approximately linearly with the initial flow speed. This does not, however, indicate that the speed of the reconnection itself scales with the flow speed, but rather that the speed with which the reconnection configuration is set up scales with the flow speed: the electric current peaks sooner and the tearing mode is excited sooner in simulation B than in simulation A because the tubes collide sooner in the fast flow of simulation B. On the other hand, Table 1 shows that the growth rate ! of the tearing mode, measured from the exponential growth of the relative kinetic energy from 205 to 265 Alfvén times, is essentially the same in simulation B as in simulation A. This, as well as the fact that the magnitudes of the peak flow generated by the reconnection are approximately the same in the two simulations, argues that the driving flow, as long as it is well below the Alfvén speed, has at best a weak effect on the reconnection flows and the tearing mode growth.
In addition to the speed of reconnection, one can also ask about the strength of the reconnection, in terms of how large are the currents at the heart of the reconnection. In contrast to simulation A, which has a peak J k of À2.1J 0 , simulation B peaks at À4.7J 0 , about twice as high. According to the theory of Schindler et al. (1988) and (d ) . Again, the collision of the flux tubes creates a thin current sheet, which then succumbs to the tearing mode instability. In contrast to simulation A, however, a large number of small-scale current concentrations are also formed. Hornig & Priest (2003) that the rate of reconnection of flux is proportional to the integral of J k along a field line (eq.
[10]), these peak local values suggest that the reconnection is faster in simulation B than in simulation A. We can measure this integral of J k along field lines, but the result is only an approximate measure of the reconnection rate, as a field line may go through several reconnection regions rather than just one as prescribed by the theory. Keeping this in mind, we measure this integral (eq. [10]) along all the field lines we keep track of and find that the maximum rate of reconnection is dÈ=dt ¼ À4:5 Â 10 À4 È 0 v A =R for simulation B and À2:3 Â 10 À4 È 0 v A =R for simulation A, where È 0 is the initial flux in a single tube. This suggests that the peak reconnection rate is indeed twice as fast in simulation B as in simulation A. Thus, the driving flow, while it does not generate faster reconnection outflows, does generate stronger parallel currents, which likely results in a faster rate of flux reconnection: both appear to scale with the square root of the initial flow speed.
Another important measure of the strength of a reconnection event, particularly relevant to these three-dimensional studies where the '' reservoir '' of field being pushed into the reconnection region is finite in extent, is the fraction of field that is reconnected. We measure the reconnected flux by tracing field lines and measuring their angles as they cross the simulation domain, as discussed in x 3. Here again we find a factor of about 2 between the two simulations: simulation A reconnected about 36% of the flux, while simulation B reconnected about 60% of its flux. We suggest that this is partly due to the dispersed nature of the current concentrations in simulation B relative to simulation A. Both generated a large central sheet, but simulation B also generated a significant number of smaller concentrations surrounding that central sheet, and these appear to have resulted in more reconnections. Thus, this high-velocity reconnection simulation appears to be more effective at reconnecting field, even though the reconnection outflow speeds it generates are about the same as in the low-velocity reconnection simulation.
C: Low Lundquist Number
Our third simulation, C, studies the same configuration as in simulations A and B but at a lower Lundquist number of 560, and with the same high initial velocity, v 0 ¼ 4v A =30, as in simulation B. The field line traces for this simulation are shown in Figure 11 , which is also available as an mpeg animation in the electronic version of the paper. This shows that the tubes flatten out in the flow, as usual, but that reconnection is not dominated by multiple reconnection sites in the middle of the contact region between the two tubes, as it was in the high Lundquist number simulations. Rather, the field appears to reconnect at the edge of the contact region between the two tubes. Figures 11b and 11c show evidence of this via the curved, red field lines forming X-configurations in two regions on either side of the center of the simulation. It appears that the reconnection occurs so quickly that it is dominant only where the field has just come into contact, i.e., at the outer edge of the interface between the two fields. The result of having only two reconnection regions at the edge of this interface is that very little tangling of the field lines occurs. Rather, by Figures 11d and 11e , where most of the field is reconnected, the field lines only show a slight, evenly distributed left-handed twist. This twist is so small, at half a turn or less, that it does not bind the field lines into a coherent flux tube. Thus, by Figure 11f the remnants of the stagnation point flow easily split the reconnected field at the center of the simulation into two parts and sweep them toward the edges of the simulation.
The diagonal cut of magnetic field in Figure 12 also shows that the field flattens out to form a pair of thin sheets. This field then reconnects to form an island, but in contrast to the high Lundquist number simulations, only a single island is formed. This is because the tearing mode never pinches off the current sheet at the center of the simulation to form an X-point at the location of first contact between the field. Rather, reconnection appears to occur above and below this central contact point, closer to the edges of the tubes as they flatten out. A single flux concentration thus appears between the two reconnection regions, resulting in a single island in Figure 12e , which is the intersection with this plane of the loosely held together flux tube shown in Figure 11e . Figure 13 shows more clearly the form and location of the two reconnection regions we infer from the dynamics shown in Figures 11 and 12. Figures 13a and 13c show that the parallel electric current forms a single concentrated region by 110 Alfvén times, but within this region two stronger, thinner regions are generated on either side of the initial contact point at the center of the simulation. The maximum in J k during the simulation occurs at this time in these two small regions. The maxima are resolved over 3 pixels in the perpendicular (x) direction, meaning that J k is large for three neighboring pixels and is effectively zero on either side of Note.-The maximum speed in the simulation is given by v max , normalized by the maximum reconnection component of the Alfvén speed at that time. The minimum half-width of the current sheet in pixels is given by l. The times to maximum local J k , maximum integrated J j j 2 , and maximum relative kinetic energy (KE=KE ref with flow ) are given by J k , J 2 , and KE , respectively. For each simulation, a separate reference simulation at the appropriate value of v 0 and S was run with only one tube to obtain KE ref with flow . The growth rate of the reconnection flow, measured during the exponential phase of the relative kinetic energy evolution, is given by !. The peak in parallel current is given by J k , the percentage of the total flux that reconnects is given by È rec , and the maximum reconnection rate is given by _ È È. All times are normalized by R=ðv A Þ. those pixels; thus, the half-width of the sheet is l ¼ 2 pixels. Hence, in contrast to the high Lundquist number simulations A and B, the current sheet is resolved by the computational grid for this simulation. The peak in J k is À1.6J 0 , which is about a third of the peak in the high-S simulation B. Thus, as the Lundquist number decreases by a factor of 10 from simulation B to C, the characteristic amplitude of the parallel current sheet that is formed decreases by a factor of 3, suggesting a ffiffiffiffiffi S p scaling law. On the other hand, as summarized by Table 1 , the width of the current sheet is twice that of the sheet in simulation B, and the times to peak parallel electric current, peak integrated current, and peak relative velocity are all a factor of 2-2.5 lower than those of simulation B. This suggests something closer to a ln S scaling law. With only two different values of S to compare, however, it is difficult to measure such scaling laws. Additional simulations at other values of S are therefore required to more definitively answer the question of how this reconnection scales with Lundquist number. Figures 13b and 13d show that by 170 Alfvén times, the large current region splits into two smaller regions, each centered around the location of one of the two J k peaks in the initial region. At this time the central flux island of Figure 12c begins to form between these two J k reconnection regions. The relative kinetic energy again shows exponential growth during the creation of this single island. A measure of this growth from 110 to 155 Alfvén times gives ! ¼ 0:0032, essentially the same as for the high-S simulations. As it is not clear that the tearing mode is excited in simulation C, and as the growth rate in all three simulations is orders of magnitude below that of the tearing mode, it appears that this exponential growth is due to some characteristic of three-dimensional finite-width magnetic sheet reconnection other than the classical two-dimensional tearing instability.
In contrast to the high-S simulations, the maximum velocity for this simulation is 0:79v A ðtÞ, where v A ðtÞ is the maximum Alfvén speed at the time t that the velocity is measured. This is 2-3 times faster than the flows in either simulation A or B. However, an inspection of the diagonal velocity plots for simulation C (not shown here) reveals that the stagnation point flow is still dominant at this time, and so this large velocity is primarily due to the remnants of the initial flow, and the reconnection jets are only secondary in importance. Note that it is difficult to compare any of these reconnection velocities with theoretical predictions, as those predictions are all for steady state reconnection. In steady state reconnection, the reconnection outflow is predicted to be the inflow Alfvén speed of the reconnecting component of the magnetic field, i.e., the component in the plane of Figures 2, 9 , and 12 (Sonnerup 1974) . The remaining field, the guide field, does not contribute to the outflow speed as it participates only passively in the reconnection. In our case, the inflow Alfvén speed is drastically reduced by the time the reconnection jets occur because most of the field at the inflow point has already been annihilated by that time. Thus, our normalizing speed, the maximum Alfvén speed in the simulation, is generally the Alfvén speed at the ends of the tubes, far away from the reconnection region. However, assuming that the maximum Alfvén speed gives a rough measure of the inflow Alfvén speed that originally fed the reconnection, we can use the reconnecting component of this speed, v A;rec ðtÞ (i.e., without the guide field), to normalize the outflows. This gives a maximum flow speed of 0:44v A;rec ðtÞ for simulation A, 0:53v A;rec ðtÞ for simulation B, and 1:49v A;rec ðtÞ for simulation C. Thus, the flows in simulations A and B are about half what one would expect if the inflow Alfvén speed of the reconnecting component of the field held steadily at its maximum. As the inflowing field does not remain at this maximum value but rather rapidly drops to zero during reconnection, it is no surprise that the actual ejection speed is lower than predicted. Simulation C, on the other hand, generates a larger velocity than one would expect, supporting our conclusion that this speed is mostly due to the remnant stagnation point flow rather than to reconnection flows.
This low-S reconnection is much more effective at reconnecting the colliding field than the high-S simulations. Using the same method as for simulations A and B, we find that 85% of the total flux reconnects for simulation C. Thus, this simulation generates the fastest and most effective reconnection while also being relatively simple, without exciting the tearing mode instability or generating patchy reconnection and tangling the reconnected field lines. However, as the Lundquist number on the Sun is of the order of 10 10 , it is clear that simulation C is less representative of solar reconnection events than simulations A and B, and so our future simulations will continue to focus on higher resistive Lundquist numbers.
SUMMARY
We have presented a study of the reconnection of untwisted flux tubes colliding under the influence of a stagnation point flow. The lack of twist in the tubes means that they have nothing to keep them in their initial cylindrical shapes, and so on contact they spread out to form two sheets of field with an extended region of electric current in the thin layer between them. This current concentration is a socalled parallel current, meaning that it is parallel to the local magnetic field, which is the guide field common to the two magnetic field regions. The reconnection occurs in this parallel current region, and at high resistive Lundquist number, the tearing mode is quickly excited. This first breaks the extended current concentration into three separate regions. Then the reconnection from these three regions creates two twisted flux tubes in the spaces between them. Because of the three-dimensional nature of the reconnection, the flux tubes thus formed are both twisted and arched toward each other. They are then pulled by the magnetic tension force to merge into a single flux tube. At relatively low collision speeds, this results in the two tubes reconnecting with each other to merge into a single tube.
We also performed a preliminary exploration of parameter space by simulating this same flux tube collision at a higher velocity. From this we found that for a high-speed collision, the same extended current concentration is generated, but in addition a large number of smaller, disconnected current concentrations form. As reconnection also occurs in these regions, the resulting dynamics more closely resembles patchy reconnection, with a large number of separate reconnection events occurring simultaneously. In addition, as for the low-speed collision, the large current concentration breaks up into three regions as a result of the tearing mode and forms a pair of flux tubes. These flux tubes, while they are pulled toward each other by their tension forces, do not merge, as the high-speed flow quickly sweeps them away from the center of the simulation. In comparing this simulation with the slow flow simulation, we found that the speed with which the reconnection current The current sheet is resolved over 3 pixels at its thinnest point in panel (a), in contrast to the current sheets of simulations A and B, which are only resolved over 1 pixel and were therefore at the limit of the grid resolution.
sheet is generated scales linearly with the flow speed, while the amplitude of the sheet scales as the square root of the flow speed.
Finally, to explore the effect of resistive Lundquist number, we simulated one more collision at a lower Lundquist number and at high collision speed. In this case once again a large, thin current concentration was generated by the collision. However, it does not appear that the tearing mode instability was excited. Instead, just a single reconnected flux tube was generated, and then this flux tube was split in two and swept toward the simulation boundaries by the strong stagnation point flow. A comparison of this simulation with the high-speed, high Lundquist number simulation showed that the speed of reconnection scales as either the natural log or the square root of the Lundquist number.
We conclude that the collision of untwisted flux tubes excites the tearing mode at high resistive Lundquist number but not at low resistive Lundquist number. At sufficiently high flow speeds, the current sheet created by the reconnection is patchy and therefore reconnection will occur at a large number of locations simultaneously. This leads to a higher efficiency in terms of total flux reconnected, possibly as a result of the large number of reconnection sites. Finally, it appears that the flow speed generated by the tearing mode in high Lundquist number collisions is independent of the collision speed, even though the current sheet is stronger at stronger flow. In the future, we would like to revisit these simulations with a flow that allows the tubes to remain more coherent up to the point where they collide, and we would also like to explore in more detail how the identity of the field lines changes as they reconnect.
This work was supported by NASA, ONR, and PPARC grants and by the National Science Foundation under grant PHY 99-07949 to the UCSB Institute for Theoretical Physics.
